Cytochrome c oxidase (CcO) is the terminal enzyme of the respiratory chain. This redox-driven proton pump catalyzes the fourelectron reduction of molecular oxygen to water, one of the most fundamental processes in biology. Elucidation of the intermediate structures in the catalytic cycle is crucial for understanding both the mechanism of oxygen reduction and its coupling to proton pumping. Using CcO from Paracoccus denitrificans, we demonstrate that the artificial F state, classically generated by reaction with an excess of hydrogen peroxide, can be converted into a new P state (in contradiction to the conventional direction of the catalytic cycle) by addition of ammonia at pH 9. We suggest that ammonia coordinates directly to Cu B in the binuclear active center in this P state and discuss the chemical structures of both oxoferryl intermediates F and P. Our results are compatible with a superoxide bound to Cu B in the F state.
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artificial intermediates | catalase activity | electron paramagnetic resonance spectroscopy | optical difference spectroscopy C ytochrome c oxidase (CcO) is a redox-driven proton pump. It catalyzes the four-electron reduction of molecular oxygen to water and couples this exergonic reaction to the generation of an electrochemical proton gradient across the membrane into which it is embedded (for recent reviews, see refs. [1] [2] [3] . Electrons are delivered to the bimetallic Cu A center by cytochrome c and transferred, via heme a, into the binuclear heme a 3 -Cu B center where the reduction of oxygen takes place. The oxidized O state is successively reduced by two electrons to the R state. Molecular oxygen binds to the doubly reduced binuclear heme a 3 -Cu B center resulting in the oxygen adduct A. Oxygen is fully reduced in one step by four electrons from Fe a3 2þ , Cu B 1þ , and (probably) tyrosine 280 (Paracoccus denitrificans numbering) to prevent the formation of reactive oxygen species (P state). Receipt of a third electron leads to the formation of the F state and the fourth electron closes the cycle by regenerating the O state (for a schematic representation of the catalytic cycle, see Fig. 1A ).
P and F intermediates were first described in reversed electron transfer studies using coupled mitochondria (4, 5) and observed later in the forward reaction of fully reduced CcO with oxygen (6, 7) . These intermediates were characterized by difference UV/visible optical absorption spectroscopy and defined by their optical properties. P exhibits a distinct peak at 607 nm with a shoulder around 570 nm and F a maximum near 580 nm; the Soret region of both species is red-shifted compared to the oxidized enzyme. The redox states of P and F differ by 2 and 3 electrons, respectively, from the O state (8) .
The chemical structures of these intermediates, especially the ligands of Cu B , are difficult to identify because the active center is EPR spectroscopy silent due to a strong antiferromagnetic coupling (9) . Heme a 3 can still be visualized by its intense optical properties, but this does not apply to Cu B .
There are different methods to generate artificial intermediates of CcO (summarized in Fig. 1B ), which are related to but not necessarily the same as the physiological intermediates. In contrast to the physiological ones, these intermediates are relatively stable and can be characterized and investigated by various spectroscopic methods. A P state, termed P H , is generated when oxidized CcO reacts with one to five equivalents hydrogen peroxide at pH 9. This intermediate is characterized by a maximum around 610 nm in the difference absorption spectrum and a redshifted Soret peak. It has been shown by Raman spectroscopy that P H like the F state is an oxoferryl (Fe 4þ ¼ O 2− ) intermediate (10, 11) . Usage of EPR spectroscopy has shown that the formation of the P H state is accompanied by the appearance of a tyrosine radical (12) , which is located on tyrosine 167 (Paracoccus denitrificans numbering) (13) . In contrast to formation of the P H state at pH 9, the O state CcO is converted into the so-called F • state when reacting with equimolar amounts of hydrogen peroxide at pH 6 (14, 15) . This F • state shows a maximum at 576 nm in the difference spectrum similar to the F state; however, a radical signal assigned to Y167 is present in the EPR spectrum as for the P H state.
A second possibility to form an artificial P state is the incubation of O state CcO with carbon monoxide and oxygen at high pH (16, 17) . This P CO state is formed with high yield and does not possess an EPR-detectable amino acid radical (18) . But like the other P states, the P CO state shows a difference absorption maximum at 609 nm.
Addition of an excess of H 2 O 2 generates the F state, which is characterized by a maximum around 580 nm in the difference absorption spectrum. It is generally believed that a second molecule of hydrogen peroxide provides an electron to the P H state converting it into the F state (19, 20) . However, attempts to detect the expected superoxide radical formed from hydrogen peroxide during the formation of the F state in an appropriate amount failed (18, 21) .
Considering the fact that the P state as well as the F state are oxoferryl intermediates, differences in spectral properties may be caused by different Cu B ligands and accompanying differences in coordination geometry and charge distribution affecting heme a 3 and heme a. The amino acid radical of the P H and the F • states seems not to have a distinct influence on the spectral properties because the radical free P CO state shows a UV/visible absorption spectrum very similar to the P H state spectrum.
In this paper, we report the observation that the F state generated by addition of an excess of hydrogen peroxide can be converted, in contradiction to the usual direction of the catalytic cycle, to another P state, which we term the P N state, by the addition of ammonia at high pH. This up to now undescribed artificial intermediate is characterized by UV/visible absorption spectroscopy as well as with EPR spectroscopy. Implications for the chemical structures of F and P intermediates are discussed.
Results
To gain further information regarding the properties of the oxidized state and the intermediates formed in the catalytic cycle, different artificial intermediates were generated and studied by UV/visible absorption spectroscopy and EPR spectroscopy.
O state CcO had a Soret absorption maximum at 426 nm; the α-band had its maximum at 600 nm.
Characterization of CcO Intermediates by Absorption spectroscopy. To form the P H state, five equivalents of hydrogen peroxide (providing formally molecular oxygen, two electrons, and two protons) were added to CcO at pH 9. A maximum in the difference absorption spectrum typically for P state formation is located at 610 nm (Fig. 2 , blue curve). CO is oxidized by CcO at high pH (22) providing two reduction equivalents ðCO þ 2OH − → 2e − þ CO 2 þ H 2 OÞ for P state generation. The absorption maximum of the P CO state is slightly blue-shifted to 609 nm (Fig. 2 , violet curve), compared to that of the P H state. The Soret bands of both P state species are red-shifted compared to O state CcO; however, these shifts are slightly different for each species.
After addition of a 500-fold molar excess of hydrogen peroxide to CcO in the P H or P CO states, the 610∕609 nm peak disappeared and a new broad maximum showed up at 582 nm, indicating formation of the F state at pH 9 ( Fig. 2 , red curve, and Fig. 3A , red curve). In 1963 it was found that CcO also possesses catalase activity (23 −1 at pH 9. When ammonium sulfate/ammonia was added to CcO in the F state at pH 9, the 582-nm maximum disappeared and a difference absorption maximum appeared at 612 nm typical for a P state with a broad shoulder at 590 nm (Fig. 2 , green curve, and Fig. 3A , green curve). Just as for the other artificial P states, the Soret band is red-shifted. Measurement of oxygen production shows that the addition of ammonia at pH 9 does not inhibit but actually enhances the decomposition of H 2 O 2 as compared to the F state. The catalase activity of CcO increases at 2 μM CcO more than twofold to 57.9ðAE3.6Þ μM O 2 min −1 after addition of ammonia, suggesting that ammonia binds to Cu B to form a labile complex, whereas the catalase reaction takes place at heme a 3 .
When the pH was lowered from pH 9 to pH 6, the difference absorption maximum of the new P N state shifted back to 578 nm (Fig. 3A , cyan curve) indicating the formation of the initial F state (now at pH 6) as hydrogen peroxide is still present. If ammonia is coordinated to Cu B at high pH, it will be protonated and no longer bind to Cu B at low pH.
The treatment of CcO with five equivalents of hydrogen peroxide at pH 6 did not result in formation of the P H state but in formation of the F • state with a maximum in difference absorption at 577 nm (Fig. 3B , blue curve). Addition of excess H 2 O 2 shifted this broad difference absorption peak by ∼1 nm to 578 nm (Fig. 3B , red curve). The difference absorption maximum of this F state at pH 6 is shifted by approximately 4 nm to the blue as compared to pH 9. In addition the catalase activity of CcO at pH 6 is much lower, namely 15.1ðAE0.5Þ μm O 2 min −1 for 2 μM CcO, and even slows down with time. Addition of ammonium sulfate/ammonia at pH 6 did not result in the formation of the P N state and left the spectrum unaffected (Fig. 3B, green Ammonia also had no effect on the catalase reaction at pH 6. But raising the pH to 9 induced P N state formation (Fig. 3B , cyan curve). This spectrum has a more prominent difference absorption maximum at 612 nm as compared to the P N state directly prepared at pH 9 and a smaller admixture of the F state is apparent by the absence of the broad underlying feature around 590 nm. Provided that ammonia is coordinated to Cu B , one would expect a decreased oxidase activity of CcO complementary to the enhanced catalase activity of CcO in the presence of ammonia at pH 9. Indeed the oxidase activity decreased by 22% from 401ðAE4Þ e − ∕s to 313ðAE7Þ e − ∕s in the presence of ammonia.
The measurement of oxygen production by CcO in the P N state and also the prominent shoulder in the UV/visible absorption spectrum indicate that this state still contains some CcO in the F state as long as there is hydrogen peroxide present. Adding catalase destroys the excess hydrogen peroxide thereby arresting the catalase reaction of CcO (Fig. 3C) . The notable shoulder of the 612-nm maximum in the difference absorption spectrum decreases. The 612-nm P N state difference maximum itself also decreases but shifts to the blue by 4 nm within approximately 30 min and increases in intensity again. The resulting spectrum is very similar to the difference spectrum of the P H state except that the maximum is located at 608 nm instead of 610 nm.
Decreasing the pH from 9 to 6 before the 612-nm maximum has moved to 608 nm results in a spectrum similar to the F state as shown in Fig. 3A (cyan curve), but lowering the pH to 6 after the shift of the maximum from 612 nm to 608 nm has no effect on the position of the difference absorption maximum; this shifted P N state remains stable. The addition of catalase to the F state without ammonia causes the decay of the 580-nm peak and results in an absorption spectrum that is similar to the spectrum of the O state but shows an increased absorption at 620-640 nm (Fig. 3D) . This "degraded F state" reacts with ammonia directly forming the shifted P N state with a maximum at 608 nm, which also forms during the catalase-induced decay of the P N state (Fig. 3C) .
Formation of a P N state from the F state is also observed after addition of other small amines such as hydrazine (which is oxidized to diazene by hydrogen peroxide) and methylamine. Therefore we named this previously undescribed artificial intermediate the P N state, with N standing for nitrogen.
EPR Studies of CcO. For all EPR experiments, cells were grown in a manganese-free medium to prevent signal overlap from the Mn 2þ center of CcO. Manganese is replaced by magnesium without any effect on the activity of CcO or optical properties of the artificial Fig. 3 . α-Band difference spectra (induced states minus O state) of artificial CcO intermediates series. (A and B) 6-8 μM of fully oxidized solubilized CcO in 50 mM glycine pH 9.0 or 50 mM MES pH 6.0 and 0.05% lauryl maltoside (LM) were successively mixed with 5 equivalents of H 2 O 2 (blue curve) to induce the P H state (pH 9.0) or the F • state (pH 6.0), respectively, followed by addition of 500 equivalents of H 2 O 2 (red curve) to form the F state, which was transformed with 20 mM ammonia to the new P N state (green curve) at pH 9.0. At pH 6.0, no reaction with ammonia was observed until the pH was raised to pH 9 (B, cyan curve). Lowering the pH from 9 to 6 resulted in reverse formation of the F∕F • state (A, cyan curve). (C and D) Time-dependent development of 6-8 μM CcO in the P N (1∶500 H 2 O 2 and 20 mM ammonia) and the F (1∶500 H 2 O 2 ) state after catalase addition.
intermediates (12) . Fig. 4A shows the EPR spectrum of the pulsed O state (black curve) at pH 9. The binuclear heme a 3 -Cu B center is magnetically coupled and therefore EPR silent; hence only EPR signals from the dinuclear Cu A and the low-spin heme a center are observed.
In addition to these EPR signals, a narrow g ∼ 2 radical signal is observed after addition of one to five equivalents of H 2 O 2 at pH 9 (P H state, Fig. 4A , blue curve) and pH 6 (F • state, Fig. 4A , dotted blue curve), respectively. This signal has been identified previously through isotope labeling and site-directed mutagenesis and is attributed to a tyrosyl radical located on residue Y167 (12, 13, 24) . The yield of this radical signal appears to be pH dependent and is always more prominent in the F
• state at pH 6 than in the P H state at pH 9. The yield in the F • state has previously been determined to be ∼20% (as compared to Cu A ) (12) .
In the F state, prepared with an excess (500-fold) of hydrogen peroxide, the Y167 radical species is no longer present (Fig. 4A,  red curve) ; however, a very small yield (<0.5%) of a different much narrower, unresolved EPR signal was observed as has been seen previously (25) .
Upon treatment of the F state with ammonia/ammonium sulfate to form the P N state (equivalent to that detected optically) at pH 9, no reappearance of a signal attributable to the Y167 radical was observed in contrast to the P H or F • states. However, upon further addition of catalase to terminate CcO's underlying catalase reaction, this amino acid radical signal does reappear (Fig. 4A, green curve) . Reversing the order in which ammonia and catalase are added to the F state does not alter the fact that only once both are added does the signal attributed to Y167 reappear. Close inspection of this amino acid radical signal formed after ammonia/catalase addition reveals that the overall linewidth and line shape as well as the partially resolved hyperfine structure are very similar to the signal observed in both the P H and F • states. The very slight variations in the intensities of the resolved hyperfine structure may be caused by slight variations in pH or the relative orientation of the tyrosine head group (possibly due to a slightly different conformation or environment due to the ammonia bound in the active center). However, this unique EPR signature clearly suggests that it originates from the residue Y167.
The EPR spectrum of the P CO state of P. denitrificans CcO at pH 9 shows no induced amino acid radical species as was also shown for bovine CcO (18, 26, 27) .
Discussion
Our experiments clearly demonstrate the formation of a previously undescribed artificial P state from the hydrogen peroxide derived F state of CcO in the presence of ammonia, with a difference absorption maximum at 612 nm and a red-shifted Soret absorption peak, both characteristic for a P state. This reaction is not restricted to ammonia but is also possible, albeit with lower yield, by using other small amines such as methylamine and hydrazine (oxidized to diazene by hydrogen peroxide). Hence the crucial point for this F to P transition appears to be the amino group.
The formation of this previously undescribed P-like state from the F state appears to be not compatible with the usual forward direction of the catalytic cycle. Wikström (4) has shown previously that the reaction of CcO could be partially reversed in mitochondria by creating an electrochemical proton gradient by reversing the ATP-synthase reaction at high pH. However, the reaction conditions used here are not sufficient to explain the reversal of the natural CcO reaction. Also, the intermediates investigated here are artificial intermediates showing similar UV/ visible spectroscopic properties as the natural ones.
In order to understand the formation of the P N state one has to precisely know the original F state. This artificial F state is observed under conditions when CcO catalyzes the dismutation of H 2 O 2 . Assuming that the mechanism of hydrogen peroxide decomposition by CcO is similar to the mechanism in hemecontaining catalases, one can expect that the dismutation of hydrogen peroxide in CcO is catalyzed by the heme moiety of the active center. Thus this artificial F state is not a static but a dynamic state that due to the catalase activity leads to permanent oxygen formation. The broad maximum in the difference absorption spectra (Fig. 3 ) also indicates a mixture of different intermediates in the catalase cycle of CcO whereby the most stable intermediate of the catalase reaction dominates. By comparison with the mechanism of human catalase (28) , the intermediate with the longest lifetime is likely to be the oxoferryl intermediate (compound I), which is the state formed when the initial hydrogen peroxide molecule is decomposed and the enzyme is ready to take a subsequent molecule of H 2 O 2 . CcO is lacking the asparagine and histidine residues of catalase that ensure H 2 O 2 supply to the active site, thus possibly prolonging the lifetime of this intermediate. The fourth ligand of Cu B (besides the three histidine residues) may be unaffected by this catalase reaction. The properties of the H 2 O 2 -derived F state at pH 6 differ from those at pH 9: The difference absorption maximum is shifted by 4 nm to the blue and the catalase activity is reduced and even slows down during the reaction. This observation indicates that the protonation state of the protein has an influence on this catalase-like reaction.
The continuing and even enhanced decomposition of hydrogen peroxide in the presence of ammonia (P N state) demonstrates that the enzyme still has the chemical properties of the artificial F state, although the visible absorption spectrum is shifted due to the interaction of ammonia with Cu B . There are several possibilities how ammonia could enhance the catalase reaction; ligation . EPR spectra of CcO artificial intermediates. Just as for the absorption difference spectra CcO samples were successively mixed with H 2 O 2 and NH 3 at pH 9 and pH 6 to prepare different intermediates. (A) EPR spectra of CcO intermediates recorded at 20 K, 2 mW, and a modulation amplitude of 1 mT at 9.6 GHz microwave frequency. The O state CcO (200 μM in 50 mM glycine pH 9 and 0.05% LM) is shown as the black curve. The P H (blue solid curve), prepared at pH 9, and F • (blue dotted curve), prepared at pH 6, show an additional radical signal. The F state (red curve) shows no radical at either pH (pH 9 is shown). Both catalase and ammonia in any order were added to prepare the P N state (green curve) from the F state, resulting in the reappearance of the Y167 radical at pH 9, which vanishes after lowering the pH to pH 6. Addition of catalase or ammonia individually resulted in no change from the F state. (B) EPR spectra of CcO intermediates were recorded at 20 K, 2 mW, and a modulation amplitude of 0.4 mT at 9.6 GHz microwave frequency. These spectra are difference spectra (spectrum of respective intermediate minus O state spectrum) to study the radical signal in more detail. The P H state (blue solid curve), prepared at pH 9, and F • state (blue dotted curve), prepared at pH 6, contain a radical signal that is formed again in the P N state prepared from the F state at pH 9 with ammonia and catalase (green solid curve) but not at pH 6 (green dotted curve). When the P N state is prepared at pH 6 and the pH is then raised to pH 9, the same radical signal does reappear (cyan curve). to Cu B might alter the water network in and/or near the active center leading to an improved hydrogen peroxide supply for the catalase reaction, or it might accelerate the catalase reaction by interacting with hydrogen peroxide at the active center and polarize it in a favorable way for the reaction. The idea of ammonia interacting directly with Cu B is also supported by the observation that the cytochrome c oxidase activity of the enzyme is lowered by the presence of ammonia because Cu B is required to catalyze the reduction of molecular oxygen in the natural enzymatic cycle of CcO.
The formation of P N is strongly pH dependent and there is no P N state formation at pH < 8 (pK a of ammonium in aqueous solution is 9.2). This result indicates that it is ammonia and not the ammonium ion that interacts with CcO. Furthermore, by shifting the pH to 6 it is also revealed that the reaction of the F to the P N state is fully reversible suggesting binding and unbinding of ammonia without any further reaction of ammonia with CcO.
After addition of catalase, the P N state initially exhibits a decrease in difference absorption with time, until the 612-nm absorption shifts by 4 nm and increases again after ca. 30 min, resulting in formation of another P-like state with a difference absorption maximum at 608 nm and a shoulder at around 570 nm. This response of the P N state to the addition of catalase (Fig. 3C) , i.e., the decay of the P N state analogous to the F state, indicates that the optical manifestation of ammonia coordination to Cu B is dependent on the oxoferryl ligand at heme a 3 .
The F state alone decomposes after catalase addition to a state that exhibits a spectrum similar to the O state as has been described by Vygodina and Konstantinov (20, 29) previously. Nevertheless, this decomposed F state differs from the O state by the increased absorption around 635 nm pointing eventually to a reduction of Cu B (30) . This "reduced F state" is still able to react with ammonia albeit in a different way and the shifted P N state (608 nm) forms, although a clear explanation for this finding is still lacking, and further experiments are necessary to explain this observation.
The decline of the F-state admixture to the P N state appears to be slower than the decay of the F state alone. Ammonia might stabilize the oxoferryl group at heme a 3 due to a possible interaction of ammonia and the oxoferryl ligand. This feature of ammonia potentially bridging the metal ions in the active center is discussed in more detail below as a possible reason for the differences of P and F state spectra.
The optical characterization of this previously undescribed P N state is complemented by EPR spectroscopy. In the F state, a narrow, unresolved EPR signal is observed. However, its yield (<0.5%) is much lower than that of the optically detectable intermediate. This observation suggests that this radical is not related to the F state but may be the result of a side reaction of CcO in the presence of such high hydrogen peroxide concentrations, as has been shown previously. This signal has been termed the "6-ms radical" and was attributed to an organic radical or a main-chain radical (25) .
Formation of the P N state by addition of ammonia to the F state does not result in stable tyrosyl radical formation in contrast to the P H state but, because the P N state is a mixture with the dynamic F state, it might not be possible to form a stable radical species as long as there is excess hydrogen peroxide present. The P as well as the F state of CcO are oxoferryl intermediates (31, 32) . In contrast to the P H state neither the P CO nor the P N state contains an EPR-detectable radical. Therefore the difference in absorption properties of the P and F states does not result from the presence of a radical species in or near the active center.
P and F states were originally defined on the basis of their optical signatures in the UV/visible spectral range (5) , and the P state was believed to represent the two-electron reduced state after the reaction with molecular oxygen, whereas the F state was supposed to be the oxoferryl state after the third reduction step. This scheme had to be modified because a three-electron reduced P state was observed during the reaction of fully reduced four-electron CcO with molecular oxygen (33) , and by the observation that the P H state is converted to the F • state upon lowering the pH (15) . Here we provide additional evidence that the UV/ visible spectra do not reflect the overall redox state of the enzyme as a simple and facile correlation because the presence of a previously undescribed ammonia ligand, presumably at Cu B , can cause the difference in absorption properties of the F and P N states without comprising any redox reaction or radical formation. It is obvious that it is not understood which structural conditions lead to the typical P state difference absorption maximum at approximately 610 nm. This spectral property is apparently not inevitably connected to the two-electron reduced form of CcO that reacted with molecular oxygen resulting in an oxoferryl group at heme a 3 . There is also another example of an artificial intermediate that resembles the spectrum of a physiological intermediate; the mixed valence state with CO bound to reduced heme a 3 has a difference absorption maximum at 592 nm, whereas the oxygen adduct of reduced CcO (intermediate A) also shows a difference maximum of the α-band at 591 nm (34) . Thus the CO ligand appears to cause the same spectral shifts as the physiological oxygen ligand.
What can be learned about the fourth Cu B ligand in the P and F states from these experiments? We propose that ammonia has to replace this Cu B ligand present in the F state (and is able to replace it in contrast to other ligands present in other intermediates) as well as mimicking the properties of the ligand that is present in the P state. It is generally assumed that a water molecule is the fourth Cu B ligand in the F state, and, when compared to water, ammonia is a more nucleophilic ligand with a free electron pair resembling the properties of a hydroxyl ion, which has been expected to be the Cu B ligand in the P state. Thus it might be possible that the neutral ammonia is able to replace a water molecule bound to Cu B in the F state and resembles with its nucleophilic character the properties of a hydroxyl ion bound to Cu B in the P state.
However, this interpretation does not explain the reappearance of the tyrosine radical observed upon treating CcO in the F state with ammonia and catalase. But which ligand would require another electron upon replacement by ammonia? And which ligand could explain the decomposition of the F state after adding catalase? Electron densities observed by X-ray crystallography of the CcO from bovine heart (35), from Rhodobacter sphaeroides (36), and from P. denitrificans (37) show the existence of a peroxide bridging the metal ions in the oxidized form of CcOs. Because CcO in the F state contains one electron less than in the O state, the presence of a superoxide as the fourth Cu B ligand in the F state makes good sense: This superoxide would be able to form a peroxide bridge between the heme a 3 iron and Cu B once the oxoferryl oxygen has been converted to a water molecule and released upon the final fourth reduction step in the catalytic cycle of CcO. The removal of a possibly exchangeable superoxide as the fourth ligand in the F state as hydrogen peroxide would require another electron, which could be provided by a tyrosine residue. Exactly such a sequence of events would explain the reappearance of the tyrosine radical observed upon treating CcO in the F state with ammonia and catalase, provided that there is a rapid exchange of ammonia and peroxide as Cu B ligands. The reappearance of the radical signal only after addition of both ammonia and catalase would be explained, too, because there would be no stable radical as long as there is peroxide present in the sample. The question, which ligand in the P state is mimicked by ammonia and could be transformed to a superoxide ligand in the F state, remains. However, one has to keep in mind that the events upon addition of catalase are not understood and that further experiments are necessary.
Very recently Muramoto et al. (38) used "O 2 analogues" such as CO, NO, and CN − as artificial ligands to probe structural changes in the active center of bovine CcO. From their results, they deduced a structure for the P state where a water molecule bridges the oxoferryl oxygen atom at the heme a 3 iron and the oxygen atom of the tyrosine residue (Y244 in bovine CcO and Y280 in P. denitrificans), which is covalently linked to one of the Cu B coordinating histidines. Furthermore, the oxygen atom of Y244 is hydrogen-bonded to the OH group of the hydroxyethylfarnesyl group of heme a 3 . Our results clearly suggest that the ammonia ligand at Cu B can cause the optical differences between the P and F states. The influence of the Cu B ligand on heme a 3 might be increased by a connection of the metal complexes in the active center, which is absent in the F state. It might be possible that ammonia bound to Cu B either interacts with the oxoferryl ligand of heme a 3 directly or promotes the binding of a water molecule in the active center mimicking the connection of the metal ions in the natural intermediate. This bridge between the metal complexes in the active center might be the reason for the UV/visible spectral shift of the α-band in the P state compared to the F state although both states possess an oxoferryl ligated heme a 3 .
Materials and Methods
All experiments were performed with CcO from P. denitrificans. CcO was purified by affinity chromatography in a chloride-free buffer using strep-tagged Fv fragments of a monoclonal antibody as described previously (39) .
The preparation of artificial intermediates and measurement conditions for UV/visible spectroscopy, activity measurements, and EPR experiments are given in Results and in the legends of Figs. 2-4 .
More details related to sample preparation, UV/visible and EPR spectroscopy, and activity measurements are provided in SI Text.
